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HEAT TRANSFER IN PIPES 


Th. Burbach 


Introduction 


"Heat transfer" is the heat exchange which takes place 
between a fluid and a solid when they have different 
temperatures. Heat transfer occurs through two different 
processes: through conduction and through convection of heat. 

While a heat transfer through unordered movement of molecules 
occurs in heat conductance, heat transfer by convection takes 
place through movement of many larger aggregates, which change 
location and carry their heat with them. In this latter process, 
one differentiates between "free" and "forced" convection. If a 
flow condition results solely from gravity of unequal densities 
occurring from temperature differences, then one speaks of "free 
convection". If, on the other hand, the velocity field is 
determined by pressure differences under diminishing density 
differences, then we are dealing with "forced convection". In 
this study we shall investigate only heat transfer with forced 
flow. The great interest in technology for heat transfer 
explains the large number of investigations carried out in this 
field. Records of experiments on heat transfer with heated gases 
and steam have been made by Groeber [1], Josse [2], Jordan [3], 
Poensgen [4], Tietschel [5] and Nusselt [6]. There are fewer 
investigations on heat exchange with fluids flowing through /48* 
pipes. In this direction, the works of Stanton [7], Soennecken 
[8] and Stender [9] should be mentioned. While test results 
gained by various experimenters on gases agree fai'rly well, this 
is not the case for measurements on fluids. This can be 
explained only through theoretical treatment of heat 


♦Numbers in the margin indicate pagination in the foreign text. 



transfer using similarity observations. Such on Investigation 

shows that heat transfer is independent of Reynolds number (ti 

= mean velocity in the pipe, d = pipe diameter, v = kinematic 

viscosity), of the relative test length z/d (z = distance of 

£ 

measuring point from intake), of the relative roughness (c 
approximately = height of roughness element), and of a substance 
value a = 2L (J* s heat conduction, c = specific heat, y = 
viscosity). It has a value of almost 1 in gases, but varies 
greatly with temperature in fluids. Thus, a variable plays a 
smaller role with gases, a fact which has simplified 
relationships and theory. In 1910, Prandtl [10] already 
formulated such a theory for the situation o / 1. He succeeded 
in deriving a formula for heat transfer in gases. An expansion 
of this equation also for the situation o 1, i.e.j for any 
fluid, is given in Chapter 2 of this study using a concept from 
Prof. Schiller based on similarity observations. New 
experiments, discussed in Chapter 3, were needed to test this 
formula for longer test lengths and to answer the question: 

"What is the influence of substance value a and, further, of 
relative test length on heat transfer?" 

Chapter One 

Theoretical Observation 


It is customary, for all practical questions of heat transfer 
to assume a heat transfer number a which is defined by: 

(1) 

(Q = transferred amount of heat per unit of time and surface, 0 = 

mean fluid temperature, 0 = wall temperature). In this formula, 

w 

amount of heat Q is further determined by the equation: 



in which w means that the value of the temperature gradient is 
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set for and that pipe wall temperature and/or the temperature 

d y 

of the fluid which is in contact with it and equal to it is set 
for heat conductivity ^ . Since the mean fluid and pipe wall 
temperature can be measured so that 6 — 6 w may be considered as 
known, using (1) and (2) and eliminating Q, one arrives at a 
suitable formula for heat transfer a, when on easily measurable 
dimension can be assumed for the value of in equation (2). 

Since differential equations of impulse conduction and 
convection and of temperature conduction and convection are 

similar in fluids, 2-51 can be determined. Reynolds first 

oy 

ascertained the similarity of these two processes, and, based on 
this, he succeeded in deriving on equation for heat transfer. We 
shall use such similarity observations here to investigate more 
generally the question: "When is a temperature field similar to a 

velocity field?" Prandtl found this to be the case in a system 1 
where a = 1. In this way, however, we obtain only an /50 

equation for a when o = 1, If, in the same way, seeking a 
velocity field similar to the temperature field, we wish to 
obtain an equation for any o, this will not be possible without 
additional assumptions, and then only approximately. Below we 
shall see that experiences with velocity distribution of 
turbulent atom flow permit us to make such assumptions [11, 12]. 
First, we must formulate the requirement that temperature 
dispersion and velocity dispersion at the wall are similar and/or 
that the dimensionless gradients are equal at the wall. This 
condition is written as: 

l ‘ ' 

Since the velocity field is only a function of the Reynolds 
number, another system could be used instead of this one for 
the velocity field. 
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(3) 


If the relationship between pressure drop and velocity gradient 
at the wall is introduced into equation 30: 


— grod,p 


_*£s(!’!A , 
T| WV 


(4) 


then the following is obtained, taking (2) into consideration: 

(5) 

This equation states that a very definite relationship must exist 
between pressure decrease and amount of heat per unit of time and 
surface. In a stationary situation mean velocity maintains its 
value along the pipe while mean temperature of the fluid 
eventually nears the wall temperature as the result of the heat 
released outwardly during flow. According to Prandtl, as much 
new heat has to be created by heat sources inside the fluid 
section as the pipe loses, for the temperature field also to 
attain inertia condition along the pipe, that is, for it to 
attain a complete pattern with regard to the stationary 
condition. If we call the yield of these heat sources per volume 
q, we obtain the following relationship between Q and q: /5 1 

‘ r, ( 6 ) 

2 r, n Q = r, b q odcr : Q = -| q. 

Using (6) one can now write equation (5) in the following form: 


— grad x p rjUj/'w 

. q 

Equation 7 represents the relationship which must be satisfied 
between pressure gradient and heat yield inside the fluid and/or 
converted amounts of heat, so that gradients on the wall are 
"similar. " 
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This relationship can be obtained from differential equations 
of impulse conduction and convection and of temperature 
conduction and convection formulated in dimensionless variables 
u* . x*, etc. They are given here: 


ei“i 

r t 
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o ( 6 — 8J 



( 8 ) 


The first equation is true for the velocity field of a flow, the 
second for the temperature field of a second flow which is 
similar to the first field. 


With equation (7) a comparison of the right side of both 
differential equations, which contains the viscosity and/or heat 
conduction component and relate primarily to the processes near 
the wall apparently because of the laminarity there, shows 
immediately that one obtains the relationship originating there 
between grad p and q for both components of the right side 
through the similarity statement. 


All the differential equations show, further, that condition 
(7) can be satisfied only when the following ratio is 
simultaneously true*. 

— grnd t p _ PtufT, 

q r,oe,S,(g— 0J* 

This statement is acceptable only under the condition that the 
velocity fields of both flows are similar, that is, that at 
corresponding points, u*^ = u *2’ e ^ c * • everywhere. Then and only 
then can the convective components act everywhere like the 
expressions in front of the parentheses. The condition mentioned 
above simply means that the Reynolds number in both cases are 
must be the same. This does not give us answer to our question. 
As a result, we make the obvious assumption that we may limit the 
aforementioned requirement of similarity of both velocity fields 
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to tiie turbulent atom, since the inertia components involved here 
are the most essential item. The requirement that the velocity 
profile be similar in the turbulent atom, independent of the 
Reynolds number, is actually satisfied to great extents for the 
Reynolds number. It suffices to point to the reliability of the 
Prondtl-Karman 1/7 exponent law of velocity distribution. It 
justifies the similarity statement of equation (7a). 


Since (7) and (7a) must be satisfied simultaneously, if 
velocity and temperature fields are to be entirely similar, the 
following condition must be observed: 

rjjh Pi vjr. 

H O — 0»r) *"l Cp? Uj (6—Qj) ® ^ 

/P_ur] / cf ur \ 

or w '*h l I* It 

Reynolds^ = Pecletg (9) 


That is: the velocity field of a flow (system 1) is similar to 

the temperature field of another flow (system 2) if the Reynolds 
number for system 1 is equal to the Peclet number for system 2. 
Using this similarity law: "Reynolds = Peclet" makes it easy to 

establish a formula for heat transfer which is true for all 
fluids. The foregoing considerations showed that the per-unit 
volume and -time heat produced, q, must stand in a definite ratio 
to pressure gradients to guarantee similarity of both profiles. 
According to equation 7a: 
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— grad x p 


r icg t u t (6— 0J 
Pi u |Tj 


( 10 ) 


Considering equations (1) and (6) we obtain the following 
equation from (10) for a: 


a =: 


-gmd xP 


c jth r » 

2 Pi»»i 


(ID 


753 


bo that for the dimensionless heat transfer number -2iB. there 

A 


results : 


^,= 11 (Pd). Pd, 


( 12 ) 


in which ^jJ represents the resistance coefficients. Using 

, 0,1682 

Blasius* value for 7 , we obtain: 

/K 

;~ = 0,03056 (12a) 

The indices in this formula should indicate for which 
temperatures with great temperature differences the separate 
material values are to be inserted — according to the meaning they 
take on from heat transfer. 


Equations (12) and (12a) represent the heat transfer law for 
fluids which we are seeking. Special equation (12a) is, of 
course, only valid when the conditions underlying the derivation 
are satisfied. The distance from the test length to the 
measuring point is primarily long enough here to guarantee the 
validity of Blasius’ law. An experimental proof of this 
theoretical formula' can be expected only from heat transfer 
numbers, which are measured far enough from the intake. 

Chapter 2: Experimental Investigations 754 

a) Description of the Experiment Apparatus 

The test apparatus depicted in Figure 1 has proven after 
lengthy preliminary tests to be very suited to answer the 
questions posed in our introduction and to test the heat transfer 
laws which we have just derived. The test apparatus permits heat 
transfer numbers to be measured in very different distances from 
the intake. 


# 
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Fig. 1 and la: Test apparatus 

A large test length makes it possible to test the theoretical 
formula from the previous chapter. By gradually changing the 
distance from the intake, the influence of the test length could 
by investigated. By changing the initial temperature in the 
vessel and the flow speed in the test pipe, tests could be 
carried out on the influence of the dimensions "Reynolds'* and 
"Peclet" ando’s — on heat transfer numbers. The heat flow always 
traveled water-to*-wall , since hot water flows through a cold /55 
pipe in the test apparatus. To calculate heat transfer number, 
the following dimensions had to be measured in accordance with 
the definitions given in the previous chapter: transfered amount 

of heat along a given measuring section, temperature inside the 
pipe wall, mean fluid temperature, and mean flow velocity of the 
water in the pipe. The transfered amount of heat could be 
calculated from the variation of the mean fluid temperature for 
the involved measuring section. 
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Fig. 2 : Test apparatus 

A gas burner in a steel cast vessel with an inner diameter of 
50 cm heated water to the desired temperature, The vessel was 
cast by the Leipzig firm Max Jahn and possessed, as can be seen 
from Fig. 1 and the photographic depiction in Fig. 2, various /56 
control instruments, such as: water stand glass a, manometer c, 

and safety valve e. A mercury thermometer b, bent at a right 
angle, determined water temperature in the vessel. After its 
installation in the vessel, the thermometer was calibrated with a 
normal thermometer. The large heat capacity of the vessel and a 
sensitive setting on the gas burner d made it possible to 
regulate the water temperature to l/10th of a degree. The vessel 
was connected to the Institute’s compressed air line (Fig. 2f) to 
attain starting temperatures over 100 degrees and also to obtain 
a large velocity range in the test pipe. The highest attainable 
flow-through velocity 5 m/sec was established by a high pressure 
of 6 atmospheres. 
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Fig. 3: Test apparatus 

An electric heating device was erected to shorten the /S7 

heating time, which amounted to several hours when using gas and 
a full vessel. Tests to heat the vessel water directly using a 
nickel wire resistance were unsuccessful. On the other hand, an 
electric circulating heater from Loki-Works in Offenbach worked 
very well. Kettle water traveled through a hot water pump a in 
Fig. 3 (produced by Schwada, Erfuhrt) to the cirulating heater (7 
kW) and then flowed back to the vessel. When the desired vessel 
temperature was nearly reached, the heater and pump were shut 
off. The starting temperature was regulated by the sensitivity 
settings on the gas burner. The regulator on gas burner d is 
indicated in Fig. 1. The electric heating device is not shown, 
to avoid confusion in the drawing. In the photograph of the 
entire device in Fig, 3 the pipe lines of the circulating heater 
can be seen. 
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In connection with the description of the vessel, the hoavy 
rust formation in the vessel should be mentioned here, since it 
can cause disturbances when the device is put on line. A lead or 
chrome coating of the vessel would have made it too heuvy to take 
out of the test structure. The only solution was to paint all of 
the parts coming in contact with water with a rust protector os'! 
location. After a number of unsuccessful attempts with minium, 
lacquer paint and other rust proofers on the market, Krustu Nora 
enamel lacquer from the firm Heyn & Manthe, Berlin, proved to be 
effective as a long-term rust proofer for the vessel. 

A precision brass pipe, 2 m long and with 6.0 mm l.W. and 1.0 
mm wall thickness, was used for test pipe. A small intake 
converter (t in Fig. 1) was welded to one end. Using a clamping 
nut u, it was bolted to a larger intake converter T fastened 
securely onto the vessel. The two funnels were screwed into each 
other smoothly. The test pipe, as seen in Fig. 1, was placed in 
a long zinc trough g, which was filled with ice water during the 
test. It guaranteed a well-defined outside temperature for the 
pipe. » 'c trough g in Fig, la was screwed onto the vessel at the 
afoi ^mentioned intake converter T. Good heat insulation at w was 
of particular importance. Further, it was necessary that the /58 
thermic effect of the ice water begin exactly at the beginning of 
the pipe to permit a clear determination of the test length. 
Details of the apparatus, which satisfied all requirements, can 
be seen in Fig. la. 

The test pipe had to be straightened very precisely during 
measuring, since, as tests had shown, even a small sag in the 
pipe had a substantial effect on heat transfer. A silver- 
constantan thermoelement determined pipe wall temperature. Its 
thermal power was measured with a sensitivity of 10 ^ Volts by a 
so-called tower instrument from the firm Siemens & Halske. 
Installation in the pipe wall required great care, so that heat 
was not drawn from the measuring place by the element itself, and 
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the geometry of the pipe wall was not altered. A short 
description of the construction with references to Fig. 4 is in 
order here, since the apparatus is thermally efficient and has 



r e 


Fig. 4 (center), 4a (above), 4b (below): Measuring points. 

proven itself quite well in every aspect. The two silver 
constantan wires, each 3/10 mm thick, were soldered to each other 
and the soldering bead was hammered out to a thickness of 4/10 
mm. The soldering spot was cut to fit installation (d in Fig. 4, 
4a, 4b). To bring this thermoelement as close as /59 

possible to the inside of the pipe wall, this wire was stripped 
from point a to the end of the test pipe in a length of 6.5 cm 
with a wall thickness of 3/10 mm. A further reduction proved 
impossible because of strength limitations. A 4/10 mm thick, 
notched casing b was clamped on the tapered pipe piece. An 
electrically insulated thermoelement c~d fit into the notch. By 
clamping on another casing e the original wall thickness of 1 mm 
was restored throughout and the thermoelement simultaneously 
closed completely to the outside. This installation permitted 
the thermoelement wires to go 2 cm into the pipe wall so that the 
measuring point would not lose heat to the element itself. 
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A mercury thermometer measured fluid temperature in the pipe. 
Its scale was calibrated against a normal thermometer, so that 
the correct temperature was indicated when the mercury container 
was rinsed with water. A device, depicted in Fig. 4b, was 
constructed so that this thermometer indicated the mean 
temperature of a precisely given cross section which was 
necessary to determine the test length. This device should be 
described here briefly. A thick-walled measuring body, which 
also secures the thermometer b, is wrapped with insulation band c 
and protects the test pipe from the cross section q on up against 
heat losses, so that a drop in the mean temperature can no longer 
take place. A twisting, brass water mixer d is located in the 
insulated pipe piece in front of the fluid thermometer. Its form 
can be seen in Fig. 4a. It causes good mixing of the water so 
that the thermometer actually indj ates the mean temperature-. 

Two regulator valves established the desired flow-through speed. 

A rough setting was produced by the simple metal ball faucet 
shown to the right of the fluid thermometer in Fig. 1. A finely 
turned screw (k in Fig. Z) permitted a more exact regulating by 
continuously changing the flow-through resistance. The mean 
flow-through resistance. The mean flow-through temperature u in 
the test pipe could be determined by timing the flow-through mass 
M obtained in t sec according to the equation: 

. - M 

rnpun- 

t 

The Helmhotz Society provided the funds for the equipment /SO 

# 

and apparatus described here. Without their generous assistance 
this project would not have been possible, and we thank them for 
i t . 

b) Execution of the Tests: Measuring Accuracy and Test 

Results 

Before we present the results of the measurements, we shall 
describe the tests for determining heat transfer numbers briefly. 
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The actual measurements could begin after regulating the starting 
temperature in the vessel and filling the ice water trough. 

First, tM stretching device with 20 kg tractive force was 
activated to straighten the test pipe. Then, the compressed air 
pressure in the vessel was set to produce approximately the 
desired flow-through velocity. The exact setting was regulated 
by the fine setting device at the end of the test pipe. A 
constant discharge of the safety valve, even during the test, 
permitted a very good constant of the mean flow-through velocity, 
which was of great importance to measuring accuracy. Heat 
exchange stabilized about 20 to 30 seconds after the measurements 
began. This could be recognized from the constant setting on the 
fluid thermometer. The water mass emerging in about 50 seconds 
was timed to determine the mean flow-through velocity. The 
indicator instrument for pipe wall temperature and the fluid 
thermometer were read a number of times during the timing period. 
The timed water mass had to be weighed on a platform scale 
immediately following the test, since the hot water evaporated 
very rapidly. 

The mercury thermometer settings could be read with a 
precision of 1/10 degree, if the flow-through velocity in the 
test pipe was beyond the critical range. Such an exact 
determination of pipe wall temperature was not possible because 
of the limited sensitivity of the indicator galvanometer. 

Reading errors during measuring amounted to + 3/10 degree, but 
multiple readings reduced this error factor by 1/10 degree. 

After each measurement the ice water mixture in the trough was 
replenished, and the melted water was removed from time to time. 
The length of one measurement, including all preparations, 

t 

amounted to about 1/4 hour; an average of 20 tests could be made 
per day. 

The sequence of measurements was already prescribed by the 
test apparatus. As can be seen in Fig. 1, the apparatus had only 
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one measuring point for fluid velocity at a certain distance from 
the vessel, since installation of additional fluid temperature 
measuring points would have disturbed the construction. /61 

To measure the temperature change along the pipe for calculating 
the transferred amount of heat, it was necessary to move the 
fluid temperature measuring place along the pipe, that is, to 
move it to another distance from the vessel. The easiest way to 
achieve this was to disconnect the pipe from the vessel. Since 
this procedure only provided a shortened distance from the 
vessel, the measurements proceeded in the following fashion: 

First, the fluid and pipe wall temperature independence of the 
mean flow due to velocity was determined at a constant initial 
temperature in the vessel and with the largest test length having 
400 diameters. When this independence was ascertained at about 
40 test points in the velocity range of 5-500 cm/sec, the same 
tests were carried out at three other vessel temperatures to 
increase the measuring range. Thus, the influence of initial 
temperature on heat transfer could be ascertained. Then, to 
change the relative test length, a piece of pipe was cut from the 
vessel, and the same measurements were carried out at the same 
four initial temperatures. In this way the test length was 
varied seven times. Bach time the pipe was cut, it was 
thoroughly cleaned inside and outside to avoid any obstructions. 
Two sets of curves were obtained for each of the four initial 
temperatures in the vessel': the fluid and the pipe wall 

temperature independences of the mean flow-through velocity at 
seven different test lengths. In all sets of curves the abscissa 
indicates the flow-through velocity, the ordinate indicates the 
temperature of the measuring points. The parameter was the 
relative test length. The curves may be used to obtain the 
decrease in fluid and pipe wall temperature along the pipe 
independently of the flow-through velocity at four different 
initial temperatures in the vessel. 
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At the beginning of the tests, the pipe length up to the 
reference point for the fluid temperature (cross section q in 
Fig. 4b) amounted to 200 cm. At a pipe diameter of 0.5 cm the 
fluid temperature measuring point was 400 diameters away from the 
intake. The corresponding test length for pipe wall temperature, 
however, amounted to only 390 diameters, since the soldering bead 
of the thermoelement lay exactly 10 diameters in front of the 
fluid temperature measuring point. The test lengths for the 
other two temperature measuring points are given in Table 1. 

L 62 


RELATIVE 

Pipe Wall Temperature 
Measuring Point 
390 
290 
210 
140 
90 
50 
20 


TABLE I. 

TEST J LENGTH FOR 

Fluid Temperature 
Measuring Point 
400 
300 
220 
150 
100 
60 
30 


The course of the fluid and pipe wall temperature for 
turbulent flow condition was determined along the pipe at five 
different flow-through velocities for each of the four initial 
temperatures and recorded in the graphs in Figures 5-9. 

(Kettle temperatures 69.2 degrees, 85.5 degrees, 101.8 degrees, 
118.0 degrees; velocities 100 cm/sec; 104 cm/sec, 200 cm/sec, 300 
cm/sec, 500 cm/sec.) A numerical record of these results is to 
be found in Table II, in which test results for laminar and 
unsteady flow condition are given. 
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Fig. 5: Course of fluid and pipe wall temperature 

at 100 cm/sec mean flow-through velocity. 

Solid line = fluid temperature; dotted line = pipe 
temperature; parameter: vessel water tempterature 


along pipe 
wall 


Since the per-second heat loss of the fluid flow in any pipe 
element of length dz must equal the amount of heat released 
outwardly at the same time, the following equation results: 

r’alf c d9 ssn2rxdi(d — f? w ). 



Fig. 6: Course of the fluid and pipe wall temperature along 

pipe at 140 cm/sec mean flow-through velocity. 

Solid line = fluid temperature; dotted line = pipe wall 
temperature; parameter: vessel water tempterature. 
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Fig. 7: Course of the fluid and pipe wall temperature along 

pipe at 200 cm/sec mean flow-through velocity. 

Solid line = fluid temperature; dotted line = pipe wall 
temperature; parameter: vessel water tempterature . 


One obtains the following relationship for a: 

, de 1 


The heat transfer numbers given in Table II are calculated 
according to this formula. The value of 0 — © w can be taken 
directly from the curves for individual test lengths. /64 

By placing a tangent on the fluid temperature curve we obtain the 
value for a certain test length. The curves had to be drawn 

QZ ... 

in very large scale for this purpose to obtain enough precision. 

Since this curve gives the change of the fluid temperature with 

the pipe length, the tangent of the slope angle of the tangent is 
J @ 

the value — — we are looking for. Of course, the scale ratio 

t£ z. 

has to be taken into consideration for it. 


The given a values in strict accordance with the form of 
their calculation are valid only for an infinitely small pipe 
length. A differential a is given which is valid for only a very 
definite test length on which the calculation is based. This is 
contrary to the heat transfer numbers related to data in 
literature where mean values are represented by a finite pipe 


Course of the fluid and pipe wall temperature 
00 cm/sec mean flow-through velocity, 
e = fluid temperature; dotted line = pipe wal 
re; parameter. vessel water tempterature . 

this reason, the procedure described here ena 
heat transfer numbers for any test length and 
useful when the influence of the test length 
[ by heat transfer number. The influence of 
not taken into consideration in my test mate 
;ion showed this influence was smaller than 1/ 
laximum situation. 






Fig. 9: Course of the fluid and pipe wall temperature along 

pipe at 500 cm/sec mean flow-through velocity. 

Solid line = fluid temperature; dotted line = pipe wall 
temperature; parameter: vessel water tempterature . 

c) Discussion of Measurements and Comparison to Theory 

An exact theory of heat transfer for laminar flow condition 
was formulated by Nusselt [13] in 1910, and handled in detail in 
the book by Groeber [14], Nusselt’s investigation found that, 
for large test lengths, the dimensionless formulated heat 
transfer number - <a %" assumes the value 3.65 independent of flow 

A* 

velocity . 

If one plots the dimensioneless Peclet number ITclpc as abscissa /66 

essentially being a measure of velocity, and the dimensionless 

cu oC 

heat transfer number as ordinate, a line parallel to the 

abscissa is obtained as the theoretical curve^for laminar flow 
condition. Using the equation £-^*^- 0,0 ^95. derived in detail 

A 

in part 2, it is now possible for the turbulent condition 
likewise to be given a theoretical curve for large test lengths. 
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Fig. 10; Theoretic course of heat transfer numbers. 

In a logarithmic coordinate system with Peclet as abscissa and 

as ordinate, this curve is a straight one. Its slope angle <p 

tangent <p - 3/4. If both straight lines are entered in a 

logarithmic coordinate system, the following theoretical picture, 

given in Fig. 10, is obtained for heat transfer with laminar and 

turbulent flow. For small Peclet values left of point a in Fig. 

10 laminar flow prevails and, for this reason,. — - — is constant 

A 

here. For large Peclet numbers right of point b the turbulent 
flow is completely developed and is proportional to 3/4 of 

the Peclet exponent. For the boundary situation of very great 
test lengths, the transfer from laminar to turbulent values must 
occur very acutely, as represented in Fig. 10 by the straight 
line a — b. A totally, correspondingly abrupt transfer is /67 

obtained in a resistance coef f icient-Reynolds number diagram for 
the increase of resistance coefficients resulting from laminar t 
turbulent values for large test lengths [15]. For smaller test 
lengths the transfer does not occur so suddenly, but is rather 
more or lessed blurred. For even with laminar flow intake 
disturbances will not yet be completely faded, and these cause 
the heat transfer number to move above the theoretical 
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Fig. 12: Experimental course of dimensionless heat transfer 

number along pipe at four velocities and four vessel 
temperatures. Key: 1) Kettle water temperature 

2) Theoretical value for z/d = 400 (formula 12 a) + + 

3) Flow-through velocity 


One recognizes immediately that the test results confirm 
theoretical considerations. In laminar range the heat transfer 
numbers do not reach the theoretical value completely, however, a 
gradual approximation to the straight line seems sure. In 
complete correspondence with the previous considerations, the 
test values lie on a curve with a turning point in the transfer 
range. The fact that the test points for the turbulent flow 
condition do not agree completely with the theoretical straight 
line probably has to do with severe thermic disturbances coming 
from the vessel and not faded completely at these test lengths 
and for that reason causing an increase in heat /69 

transfer numbers. The correctness of this interpretation is 
verified by Fig. 12, which reproduces the experimentally 
determined cause of the heat transfer number with the pipe length 
at four vessel temperatures. It can be seen clearly that the 
heat transfer numbers at high vessel temperatures, that is, with 
greater thermic disturbances, assume higher values as test length 
increases and come closer and closer to the theoretical 
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values. The courso of these curves, therefore, allows us 
tooxpect that the calculated and the measured test values also 
agree for higher vessel temperatures with correspondingly larger 
tost lengths. The values calculated hero lose their moaning with 
smaller test lengths, since, as corresponding measurements 
showed, the Blasius low is no 'longer valid for them. The values 
in these cases ore given only to emphasize the approximation of 
test values to theoretical values. For test lengths which are 
not too short, measured deviations from Blasius' law are so small 
that they do not suffice to explain the large number of heat 
transfer numbers observed as deviations from theoretical law. It 
is quite apparent that the development of the final temperature 
profile still must be influenced substantially by the 
dimens ion less It is easy to overlook the fact that, ceteris 

paribus . greater specific heat requires a higher test length for 
the temperature profile. This probably explains the fact that 
measurements for gases (a = 1) ore substantially lesG able to 
show this effect than are our measurements for liquids, for which 
the value of a is substantially smaller than 1. 


Before we consider my measurements on short test lengths, we 
shall compare a quite recently proposed theory of Prandtl’s [16] 
on heat transfer for turbulent pipe flow and my tests at 400 
diameters test length. As already pointed out in the 
anticipation to this study, this new theory from Prandtl 
compliments his earlier work, in which the relationship of 
velocity on the inside of the boundary level to the middle 
velocity in the pipe still remained undetermined. In his new 
theory Prandtl now finds the following formula for the 
dimensionless heat transfer number! 



According to Prandtl's own words, the number factor 1.6 in the 
o.’hominator is very uncertain in this equation and most likely 
nay be determined from heat transfer observations. If one 
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follows this suggestion ond ascertains thin number factor from my 
toot material with 400-diamotor teat length, then a value of 0,4 
is obtained. In Fig, 13 the Prnndtl equation with this number 
factor is given for the c values 1/4, 1/2, and 1. Furthermore, 
my test value for o = 1/4 is included. As one sees, the 
measuring points correspond quite well to the Prandtl curve for o 
= 1/4. 


Fig. 13'. Formula from Prandtl. 

Number factor 0.40; for o = 1/4 -- . — ; o - 1/2 •*---{ 

for 0=1 identical with Schiller. 

Experimental values for o * 1/4 + + + 

Further, it is also very noteworthy that, for nearly all possible 
a values from 1/4 to 1 with this number factor, the Prandtl 
curves hardly differ from the theorectical straight lines 
developed here. Both theoretical curves for every number factor 
for o = l agree, as can be seen immediately from Prandtl’ s 
formula. As seen, as well, from Fig. 13, the maximum deviation 
of the Prandtl curves amounts to 8 % for the remaining a values in 
the large Peclet range of 6000 to 600,000. This small deviation 
is present, however, only for the number factor 0.4. Figures 14 
and 15 show clearly how inserting other number values into the 
Prandtl equation moves this deviation up or down. /71 


$ 
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Fig. 14: F. 
Number facti 
for cr = l-' 
Experiments 


Fig. 15: Formula from P 

Number factor 0.30; for 

for a = 1 identica 

Experimental values for 


Fig. 14 the theoretic 
d, in Fig. 15 the val 





well, that the influence of o on heat transfer with the Prandtl 
curves is very much dependent on the dimension of the number 
factor. This is contrary to the formula given here, in which a 
occurs only in the combination — . One advantage of our 
theory, it seems to me, is that there is no uncertain factor in 
it, as is the case with Prandtl’s theory. Only new tests with 
large test lengths can ascertain which of the two formulas better 
represents the truth. These tests also must measure the pressure 
drop to determine the valid resistance law and must demonstrate 
increased measuring precision. 

My results, also for smaller test lengths, are reproduced in 

Fig. 16 (Table). Not only the two theoretical straight lines are 

given, but also partial comparisons of test results from Stender 

and Stanton. I cannot explain why Stender and Stanton’s test 

results are substantially lower than my measurements. 

Substantially closer to our results are Nusselt’s test results 

for compressed air and other gases which practically agree with 

2 _ 

our measurements for ^ = 400. This might seem surprising since 
the mean test lengths in Nusselt's tests amounted to only about 
50 diameters. Nusselt’s values are lower than ours relative to 
the same test lengths. The reason for this may lie in the 
extension of the starting stretch by reducing the a value in our 
experiment . 

Establishing a heat transfer law also for small test lengths 
would advance technology greatly , since , in practice , primarily 
heat transfer with small test lengths occurs. This is very 
difficult, however, since the number of independent dimensions 
influencing the heat transfer multiplies with the transfer. 
Besides the relative test length, another variable is the 
dimension of the intake disturbances governed by free convection. 
For a numerical determination of these disturbances the velocity 
field with free convection must be known. Nusselt [17] has shown 
that this velocity field is dependent on the following two /73 
dimensionless factors: 
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on a=> cji and Grashof 

(a for us = about*" vessel radius, g = 
= temperature difference between 
expansion coefficient, ^ = kinematic 


earth’s acceleration, T — 

w 

vessel wall and fluid, 0 = 
viscosity) . 


To simplify matters, only the large "Grashof" will be 
considered for calculating the intake disturbances in the vessel 
Since the heat transfer formula must be converted into the law 
derived in Chapter 1 before it can be established for the 
boundary case of infinitely large test lengths, it is written 
here in the following form: 


ad 

7 


t= 0,0305 



(13) 


The values of "Grashof" at the four vessel temperatures were 
determined by measurements of the temperature difference between 
vessel wall and fluid and are given in Table 3 with the number 
material needed for calculation. The number factor in the 
exponent of equation (13) was determined empirically. Using this 
equation, it was possible to represent the test results for 200- 
to 400-diameter test lengths for all four vessel temperatures 

tt U- 

with sufficient precision. The values of ^ ' calculated using 
formula (13) are given in the last column of Table 2. Due to the 
complexities of the relationships in the starting area, the 
equation imparted here, in spite of its dimensionlessness, serves 
only for orientation and, as such, has no universal validity. 


Summary of the Results 


1. In this study, the heat transfer from hot water to a cold 
copper pipe in laminar and turbulent flow condition was 
determined. The mean flow-through velocity in the pipe, the 
relative test length and the initial temperature in the vessel 
were varied extensively during the tests. The measurements 
confirm Nusselt’s theory for large test lengths in laminar range 


2. By establishing a similarity law for a temperature and 
velocity field for turbulent flow condition, a new equation was 
derived for heat transfer for large test lengths. This equation 
agrees satisfactorily with the measurements for large test 
lengths . 

3. The test results also were compared with the new Prandtl 
formula for heat transfer. The value of the number factor, still 
uncertain in that equation, resulted from measurements at 0.4. 
Measured values and those calculated with this number agreed very 
well . 

4. The influence of intake disturbances could be determined by 
the dimensionless "Grashof". Using an equation, it was possible 
to represent the test material for 200- to 400-diameter test 
length at four different vessel temperatures. 
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Table II.* 


u 

V 


N — tfr 

J * * 

d S 

dt 

i/ 

c 

cm 

C'» 

C" 

C» 

CAj 

C° 

caJ 

ca) 

btc 

cm 1 C u 

cm 

cm* hcC° 

b0« 
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4,2 

2,4 
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0 . CM 4 
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0,0 

W 

0,0 

3,2 

1 , 00)2 

0,053 
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1 , 00)5 
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0 , 0)30 
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n,i 
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0 , 0)61 
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30.2 
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0,04 15 
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34,0 
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G 0 ,Q 

38,0 

34,1 

3,0 
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5,0 
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5,5 

r/<i *> 
2,4 
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1,0017 

0,054 
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7,4 

3 .) 

1,0007 
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0,9903 
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0,089 
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20,1 

10,6 

9,3 
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x/d 

2,4 
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0,2 
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0,070 
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6,0 
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WJ 
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6,7 
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30,0 

35,3 | 
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45,0 

30,1 E 

34,0 
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0,1836 
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5,0 

n,4 

0,0 

x/d 

2,4 

•->250 

1,0004 

0,086 

0,0224 

1 2,0010 

6,0 

14,4 

n, 1 

3,3 
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0,098 

0,0223 

1,0001 

8,0 

18,6 

U ,1 

4 ^S 
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0,109 

0 , 024 2 
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10,0 

23,0 

10,9 

0,1 

0,0961 

o,m 

0,0226 
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12,5 
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19,7 

7,1 
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i 0,0981 

15,0 

30,6 

21,9 

8,7 
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0,0078 

18,0 

34,0 

23,8 j 

10,2 
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0,112 
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* T.N.: Commas in numerical entries represent decimal points. 
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207,0 

140,1 

£03,3 

0,00)630 

0,0850 

0,00505 

04000 

10700 

0,309 

183,1 

159,1 

170,6 

0,001 6 S 1 

0,9780 

O.OO) 5:,* 

61850 

23400 

0,378 

102,3 

155,1 

183,3 

0,001024 

0,0721 

0,00370 

59900 

27000 

0,451 

202,2 

151,4 

]«,2 

0,00100) 

0,9052 

0,00327 

58)50 

30560 

0,525 

210,2 

148,1 

6* 

212,7 
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1 * 
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n M ^ 
c ft 

«d 

A 

calculated 
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n 

fin* 





Kortiulo 

cm 

cm 1 

M* 




crp, 

[ 12a 

13 

0 # OOJ M2 

0,95*3 

0,00101 

2 

03700 

:/d^250~ 

20230 

0,3)6 ; 

188,0 

158,0 

170,7 

0,001 r.s9 

0,0777 

0,00115 

01500 

24080 

0,392 1 

190,7 

154,5 

188,0 

0,001034 

0,0705 

0,00358 

59450 

2791U 

0,470 

207,3 

150,0 

2W.3 

0,001070 , 

O,0G20j 

0,00310 

57ftK> 

3)040 

0,546 1 

215,1 

147,1 

227,0 

0,001549 

0,9535 

0,00181 

X 

03400 | 

,/d « 200 
20760 

0,328 1 

192,3 

158,0 

164,7 

0,001507 

0,9704 

0,00105 

01)60 

24060 

0,403 

200,4 

153,7 

107,4 

0,00) m 

0,9056 

0,00517 

59000 j 

2S600 

0,466 

210,5 

149,7 

219,0 

0,001 coo , 

0,9004 

0,00305 

57050 

32760 

0,575 , 

220,0 

140,0 

261,1 

0,001550 

0,0S25' 

0,00108 

z 

03000 

/d -« 150 
2)300 

0,339 

190,0 

157,3 


0,00JGO5 

0,9752; 

0,00301 

00750 

25370 

0,417 

203,2 

153,0 


0,00)055 

0,0070 

0,00336 

5S550 | 

20750 

0,506 

2)0,0 

148,0 


0,00)705 j 

O,0577| 

0,00201 

50400 j 

340CO 

0,002 | 

233,0. 

144, S 1 


0,00)543 

0,9840 

0.0010S 

z 

95000 

,/d 400 

30120 

0,315 

251,0 

2)5,0 

232, S 

0,001589 

0,0781 

0,00120 

02300 

35720 

0,387 

202,0 

209,4 

237,3 

0,001034 

0,97)0 

0,00301 

60300 

41550 

0,4C5 

275,2 

204,3 

247,2 

0,00)008 

0,9047 

0,00321 

87050 

403r< 

0,532 

280,5 

200,4 

262,8 

0.00)547 

0,9940 

0,00100 

z 

05300 

d 1* 350 
30020 

0,321 
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214,5 

234,5 

0,00)505 j 

0,9772 

0,00111 

01850 

30500 

0,397 

209,0 

208,7 
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0,001042 

0,9097 

O.W3W 

8S750 

42370 
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260,5 
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2 

05000 

, /d « 300 
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0,328 

259,0 

I 214,0 

| 237,6 

0,001001 

0,9703 
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01500 

37220 

0,407 

271,0 

! 20S, 1 

240,0 

0, ,001 050 

0,9GS4 

0,00315 

86250 

43480 

0,492 

283,0 

2<r>,5 

261,0 

0,001090 

0,9006 

0,00300 

85050 

4 9030 

0,573 

204,0 

1 108,0 

284,6 

0,001550 

0,9S28 

0,00172 

X 

94050 

d = 250 
317S0 

0,330 

203,5 

| 213,4 

241,9 

0,00)007 

0,0754 

0,00306 

91100 

37680 

0,410 

278,0 

i £07,4 

253,6 

0,001058 

0,9071 

0,00337 

67700 

44503 

: 0,507 

288,0 

201,6 

273,4 

0,001702 

0,95S7 

0,00208 

&4950 

50330 

0,593 

298,5 

190,0 

303,7 

0,001501 

C,9S21 

0,00161 

X 

94250 

/d =200 
32330 

0,343 

200,0 

212*7 

248,7 

0,001013 

0,9745 

0.00387 

90700 

387G0 

0,427 

«1,0 

| 200,7 

265,4 

0,001000 

0,9057 

0,00330 

87200 

4i>450 

0,520 

*93,2. 

200,7 

293,7 

0,001713 

0,9507 

0,00280 

£4250 

51 900 

0,017 

303,5 

1956 

336,6 
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V 

n , 
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»• 
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a “TT 

A 
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P 
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t/d - 160 




0,001500 

0,9S15 

O.CtMOO 

92m 

32900 

0,350 

272,3 

212,2 


0,001020 

0,0735 

0,(0380 

60250 

304 60 

0,436 

264,0 

; 205,9 


0,001675 

0,9643 

0,00322 

607 00 

40000 

0,538 

298,0 

109,8 


0,001725 

0,9545 

0,00280 

83500 

53C00 

0,042 

308,5 

194,3 






t/d -400 




0,00)500 

0,9820 

0,05470 

167300 

53200 

0,338 

350,5 

312,4 

337,8 

0,00)000 

0,0755 

0,90300 

} 5) GOO 

63150 

0,410 

370,0 

303,9 

344,4 

0,001002 

0,0070 

0,00330 

145900 

74400 

0,5)0 

390,0 

295,3 

357,3 

0,001761 

0,0580 

0,00208 

14 MOO 

63900 

0,594 

416,5 

268,4 

378,1 





t/d « 350 




0,001503 

0,9822 

0,00105 

150950 

53800 

0,342 

307,5 

311,9 

W1,0 

0,001012 

0,97-10 

0,00391 

161300 

03900 

0,423 

360,5 

303,4 

350,2 

0,001067 

0,9061 

0,00332 

146300 

75300 

0,516 

401,0 

294.3 

300,0 

0,001712 

0,957-1 

0,00292 

140000 

85650 

0,610 

421,5 

287,2 

391,5 





t/d -300 




0,001560 

0,RS16 

0,00459 

150500 

54500 

0,348 

308,6 ! 

311,2 

345,5 

0,001017 

0,0742 

0,00380 

150700 

04600 

0,430 

385,5 

302,5 

357,0 

0,001072 | 

0,9053 

0,00327 

144750 

7G450 

0,528 

399,5 

293,5 

378,3 

0,001720 | 

0,95G0 

0,00250 

139750 

87450 

0,020 

424,5 ( 

265,9 
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0,001609 

0,98)3 

0,00451 

150200 

55 m 

0,352 

358,0 

3)0,8 

352*2 

0,001021 

0,9735 

0,00380 

150300 

05600 

0,438 

392,0 

301,9 

369,0 

0,00)077 

0,904-1 

0,00322 

14-1300 

77050 

0,538 

400,0 

292,6 

397,0 

0,00)726 

0,9544 
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139000 

69300 

0,613 

427,0 

284,7 

439,2 
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0,00)572 1 

0,9809 
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155800 
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376,2 
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0,972$ 
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149700 
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149300 
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0,00314 
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0,0510 

0,00269 | 

137300 

92950 ! 

0,677 

438,5 
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TABLE 

CALCULATION OF "GRASHOF" AND "o' 

pm 0,0001 B e c-»i 


T w — T 0 - 8,8’ 
T w —Tjj «» 0,5° 
T w — T 0 - 10,2° 
T w — T 0 ~ JO, 8° 


III 

FOR FOUR VESSEL TEMPERATURES 

cm 

c »9S1 — . »**“ SS cm 

HOC 1 

at vessel temperature ? 092 e 

at vessel temperature "■ es > 5,> 

T 0 - 101.8“ 

at vessel temperature T D «ii8,o 0 
at vessel temperature 


v - 

v - 

V,n/"* 

V iu,.° - 


cm* 

0,00420 ” 
cm* 

0,00345 “ 


0,00290 “ 


0,00250; 


Gr tM ° ~ 1,376 • 10* 
Gr HlI ° - 2,202 • 10» 
Gr„ w ° 10* 

Gru,,, 0 » <,768 • 10* 
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